Study Design: A male patient with partial hand amputation of his nondominant hand, with only stumps of the proximal phalanx of the first and fifth finger, was evaluated. The performance of using two alternative 3D printed silicone-embedded personalized prostheses was evaluated using the quantitative Jebsen Hand Function Test. Introduction: Custom design and fabrication of 3D printed prostheses appears to be a good technique for improving the clinical treatment of patients with partial hand amputations. Despite its importance the literature shows an absence of studies reporting on quantitative functional evaluations of 3D printed hand prostheses. Purpose of the Study: We aim at producing the first quantitative assessment of the impact of using 3D printed silicone-embedded prostheses that can be fabricated and customized within the clinical environment. Methods: Alginate molds and computed tomographic scans were taken from the patient's hand. Each candidate prosthesis was modeled in Computer Aided Design software and then fabricated using a combination of 3D printed parts and silicone-embedded components. Discussion: Incorporating the patient's feedback during the design loop was very important for obtaining a good aid on his work activities. Although the explored patient-centered design process still requires a multidisciplinary team, functional benefits are large. Conclusion(s): Quantitative data demonstrates better hand performance when using 3D printed siliconeembedded prosthesis vs not using any aid. The patient accomplished complex tasks such as driving a nail and opening plastic bags. This was impossible without the aid of produced prosthesis.
Introduction
3D printing promises to transform the way prostheses are made. Its potential for on-demand rapid customization, onsite fabrication, and low cost makes 3D printing the next alternative to commercial solutions. However, there is a lack of quantitative assessments of the performance; these types of prostheses might have on the daily life of a patient. According to Tanaka and Lightdale-Miric 1 there is a need for studies to assess the advantages and disadvantages of noncommercially produced 3D-printed prostheses. Partial hand amputations are the most common type of workrelated amputation worldwide. 2 Depending on the degree of severity, these amputations can decrease or limit a person's ability to perform work and daily life activities. Injured hands are still considered to be functional when more than half of the proximal phalanx is preserved. 3 A compromise in the ability to oppose the thumb and digits accounts for a 40%-50% reduction in hand functionality. 4, 5 This type of amputation can be observed in a variety of clinical patterns, having no standard solution for patients. Most current treatments consist of using a passive prosthesis (being the cosmetic glove the most common solution for transmetacarpal and carpometacarpal amputations in our clinical environment in Chile. An example of this kind of prosthesis can be found in the study by Nayak 6 ) while only in a few cases, myoelectric (for example 7, 8 ) or body-powered prosthesis (for example [9] [10] [11] [12] [13] as a quantitative tool to assess hand function. The idea is to evaluate the patient's performance when addressing 7 motor tasks. The tasks are designed to measure a wide range of unimanual functions that are displayed during activities of the daily living. The test scores performance as the time, measured in seconds, required for each task to be completed. The shorter the time the better the performance is regarded. A maximum of 120 seconds is given to determine whether the task was completed or not. The test should be performed with both hands, using first the nondominant hand.
The implementation of this test is also simple and inexpensive as it requires simple objects. In this case report, a 3D-printed prosthesis designed for a partial hand amputee patient from Hospital Clinico Mutual de Seguridad, Santiago, Chile, is evaluated. We used the JHFT 16, 17 as a quantitative measure of the effectiveness of using 2 different 3D-printed hand prosthesis vs not using them.
Purpose of the study
The purpose of this study is to assess, through a quantitative scale, the impact of using a partially soft personalized prosthesis, fabricated using a 3D printer, in a case of complex partial hand amputation. The International Classification of Diseases, Tenth Revision include S68.012S (complete traumatic transphalangeal amputation of left thumb sequela), S68.111S (complete traumatic metacarpophalangeal amputation of left index finger sequela), S68.722S (partial traumatic transmetacarpal amputation of left hand sequela), and S68.617S (complete traumatic transphalangeal amputation of left little finger sequela) as injury codes related with this study. This work is also related with the International Classification of Function areas d430 (lifting and carrying objects), d440 (fine hand use), and d840-d859 (work and employment).
Patient information
The patient is a 51-year-old male with no comorbid conditions who worked in a toy factory and is right hand dominant. He suffered a crushing of his nondominant (left) hand with a press on September 2014 at work, resulting in the amputation of all fingers at different levels (see Fig. 1 ). The patient required lavage, debridement and amputation the same day of the accident. He suffered necrosis of one of the dorsal flaps. A partial thickness skin graft was performed two months after the injury to cover the stump. He underwent a full standard rehabilitation process, including occupational therapy, physiotherapy, psychological accompaniment, and was provided with a cosmetic glove and a passive prosthesis. No pain and normal sensibility was associated to his lesion after the rehabilitation process. Full range of motion was conserved for the wrist and elbow. He was not able to grab objects smaller than 1 inch between the stumps of the thumb and the fifth finger. None of the prostheses given were able to restore that function. The surgical team offered a lengthening of the first and fifth digits and a central ray amputation to improve hand function, but he refused both procedures. After 9 months, he started working as a self-employed toymaker and flea market vendor. With the remainders of his hand, he was able to perform all activities of daily living, but especially in his current work environment, he wanted to grasp small objects, such as nails, and to open plastic bags. The ability to accomplish these fine motor tasks became his functional goal.
Informed consent and ethical considerations
The study was approved by the Hospital Clinico Mutual de Seguridad clinical ethical and scientific committee in September 2015. The patient signed a written consent allowing also for photos to be taken and videos to be recorded during the study. 
Therapeutic intervention
The intervention consisted of producing a good prosthetic solution by following an iterative design process. The method included custom design and fabrication together with quantitative evaluation of each solution. The knowledge gained during the evaluation of the first prosthesis served for the design of the second solution. In this case, reaching a good solution required the fabrication of 2 prostheses. The intervention was carried by a multidisciplinary team that included a medical physiatrist, orthoprosthetist, occupational therapist, and mechanical engineer. The prostheses were specially designed to allow the patient to pinch an object when using the thumb and fifth finger stumps of his nondominant hand. The patient feedback was taken into high consideration during the overall design process.
More specifically, the intervention comprised the following specific steps: (1) alginate molds and computed tomographic scans were taken from the patient's hand while in rest and in closed position. (2) Gypsum replicas of the patient's non dominant hand were fabricated for both positions. (3) Each candidate prosthesis was modeled in computer aided design software and then fabricated using a combination of 3D printed parts and silicone-embedded components fabricated with the aid of 3D printing. (4) Each resulting prototype was tested for correct fit against the gypsum replicas. (5) Each prosthesis was given to the patient for immediate use (without requiring occupational therapy). Hydroxide of aluminum spray was used to prevent sweating between prosthesis and skin. (6) A quantitative assessment of the functional performance of each prosthesis was performed using the Jebsen Hand Function Test. 16 ,17 (7) The best prosthesis was selected for long-term usage. Fig. 3 . Fabrication method of prosthesis 1. The process uses 3D-printed PLA parts, silicone elastomer (Ecoflex 00e30, Smooth-on, http://www.smooth-on.com/), a leather glove, nylon wire, and elastic wire. The first step (bottom left) is to pour liquid silicone inside a mold where the thimble-shaped structure is initially submerged. Finger tips are also made of silicone following a similar process. On the second step (upper left) the finger is assembled: the phalanx and the thimble structure are joined by a pin and locked with a Seeger ring. The third step (right) is to wrap the finger base with the gloves and sew the PLA wire guides along the desired path. A structure with the tensioner system is also sewn to the glove. The fourth step is to thread the wire along the dorsal side of the finger, linking the fingertip to the thimble-shaped structure. The final step is to fix the wire to the tensioner. PLA ¼ polylactic acid. Fig. 2 . Prosthesis 1. The prosthesis (A) consists of 2 articulated 3D-printed fingers, one is located on the proximal phalanx of the thumb and the other on the fifth finger. The 3D-printed fingers are held in place, thanks to a leather glove. Nylon wires are used to transmit mechanical tension between the glove and finger tips. The mechanical closure of the first and fifth metacarpophalangeal joints governs the closure of the first and fifth fingertips, respectively. The leather glove is used to strengthen the attachment of the fingers to the hand while allowing the string to be guided along a fixed path (B), starting from the base of the printed finger and passing above the metacarpophalangeal articulation. A 3D-printed silicone-embedded thimble-shaped structure (C) allows prosthesis attachment to the stump. It consists of a 3D-printed hole pattern layer (2 mm thickness) embedded in silicone. This layer allows better bonding with silicone while enabling force transmission. 3D ¼ three-dimensional.
Prosthesis description
Two alternative designs were produced and tested. We named them as prosthesis 1 and prosthesis 2. The experience acquired during the production and evaluation of prosthesis 1 served for the design of the second improved prototype.
Prosthesis 1, shown in Figure 2 , consisted of 2 articulated 3D-printed fingers; one is located on the proximal phalanx of the thumb and the other on the fifth finger. Prosthetic fingers were supported by a thimble-shaped 3D printed silicone-embedded structure (see Fig. 3, left) . A leather glove allowed maintaining fingers securely attached to the finger stumps. The fingers were actuated by a wire tensioned by the metacarpophalangeal joint movement of those fingers. The fabrication of this prosthesis took nearly 12 hours with a material cost of 8 USD.
Prosthesis 2, shown in Figure 4 , consisted of 2 thimble-shaped tools, directly attached to the patient's stumps. The tools were made by a 3D-printed polylactic acid (PLA) internal structure embedded in silicone with a neodymium magnet on their tips. The fabrication of this prosthesis (see Fig. 5 ) took nearly three and a half hours with a material costs under 4 USD. Prosthesis 2 computer aided design files, together with assembly instructions, are available as an open hardware online at https://www.thingiverse.com/ thing:1849852.
We used a desktop Fused Deposition Modeling 3D printer (Creatr 2014, Leapfrog, https://www.lpfrg.com/) for printing the parts. The printer cost is currently $900 USD. We believe similar results can be obtained with other desktop Fused Deposition Modeling 3D printers as long as their printing platform is at least 15 Â 15 cm. Step 1, silicone is poured inside the mold that surrounds the exterior of the socket (pigment addition is optional).
Step 2, the interior structure, with a magnet inserted into its tip, is embedded inside the silicone.
Step 3, the mold is closed with the finger shaped mold.
Step 4, the silicone is cured at room temperature for 1 hour. Finally, molds are removed and the socket is finished. 3D ¼ three-dimensional; PLA ¼ polylactic acid.
Fig. 4. Prosthesis 2 (A)
. This design corresponds to a simplification of the first solution. The underlying thimble structure remains, but it is complemented with an improved supporting structure (B, C). All articulated parts were removed following patient suggestion after trying prosthesis 1 that was found complicated to use. Some improvement to the thimble was made: stretch marks were added, a prolongation was added to the PLA framework which block the metacarpophalangeal joint hyperextension. Moreover, the final version was produced using skin pigmented silicone. PLA ¼ polylactic acid.
Follow-up and outcomes

Quantitative functional assessment
The JHFT was used to quantify the benefit for the patient of using a 3D-printed silicone-embedded prosthesis. Three tests were executed. Test 1 consisted of using his partially amputated nondominant hand without a prosthesis (see Fig. 6 ). Test 2 consisted of using prosthesis 1 on his nondominant hand (see Fig. 7 ) and test 3 consisted of using prosthesis 2 on his nondominant hand (see Fig. 8 ). For each test, the performance of using his dominant hand was measured as a control. Table 1 displays the results of asking the patient to execute the 7 standardized JHFT tasks under each test condition. The time taken to accomplish a desired task was measured in seconds. A maximum time of 120 seconds was given for the task to be regarded as completed. If the task was not executed during this time, the task was considered to be not accomplished. Shorter time reflects a better performance. The JHFT assesses fine motor skills, ie, weighted and nonweighted hand function tasks performed during daily living activities. Fig. 9 displays the nondominant hand data using a convenient visualization of bar graph. Using prosthesis 2 (bars in red) shows a clear advantage on most scenarios.
Results show better performance when using 3D-printed silicone-embedded prosthesis vs not using any aid. Using prosthesis 2 shows a clear advantage over prosthesis 1 since most evaluation times are considerably smaller.
The patient also tested the use of prosthesis 2 while at work. He was able to execute tasks that he was unable to perform or were performed with difficulty when using his hand without prosthesis. Specifically, he accomplished driving a nail and opening plastic bags.
After continued use of the prosthesis, the patient reported no pain or skin problem related to any prosthesis.
Discussion
In this case report, a quantitative evaluation of using 2 3D-printed silicone-embedded personalized prostheses was performed. The JHFT showed an improvement of hand performance when using 3D-printed prostheses for the tasks of card turning (with prosthesis 2), lifting up and holding small objects, simulated feeding, as well as when manipulating large and light objects. The patient was able to write only with his nondominant hand without prosthesis, but since the patient was right handed, none of the prototypes was focused on improving writing. For the checkers task, the patient's stumps were approachable enough to grab them without prosthesis, but any other smaller object could fall. Lifting up large and heavy objects was not possible with or without prosthesis. Improvements were also observed when using prosthesis 2 in work activities such as opening plastic bags and driving a nail, which were declared as his mayor goals.
The prostheses were developed by a team of professionals with medical and engineering knowledge. The patient's feedback was considered for the final design. The entire process allowed the development of a product targeted closely to patient needs. The final solution allowed for tip grip and better nail fastening. This was achieved, thanks to the aid of a magnet being placed in the tip of the prosthesis. We also considered to further extending the PLA skeleton as it provided better support and avoided thumb hyperextension, which reduced the grip reliability otherwise.
The functional evaluation was performed right after the prosthetic prototype was given to the patient, without time for him to get used to it. The immediate improvement shown by the JHFT suggests that the solution is intuitive. These results are consistent with those shown by Nayak et al. 6 when using a silicone hand prosthesis and Lee et al. 18 with a thumb 3D-printed device.
At our clinical center, patients with these conditions are offered with treatment choices of performing stump lengthening, ray excision, or finger or toe transplant. The patient reported in this case study refused to undergo another surgery to improve his hand function. This prosthetic solution appears to be compatible with any of these techniques and might be used as an intermediate solution prior to a final surgery. The ease of adaptation suggest that it can be postsurgically adapted.
We identified some limitations to the approach. For example, the short lifespan of soft silicone (sharp objects can cut the silicone), silicone also gets dirty quickly (although it is washable), and it may pop off when lifting heavy objects. Although the JHFT is a functional test, it does not measure the performance of the prosthesis in daily living activities. In this case, we focused on a specific patient's needs. Therefore, this solution could prove less useful for other types of partial hand amputations.
Compared with other 3D-printed prostheses available on the Internet, it is a new patient-centered design, unique in its shape and in the technique of combining 3D-printed PLA with silicone, which offers a solution that can be extrapolated, with minimal adaptations, to the attachment of prostheses for amputees with the proximal phalanx. For example, the same socket can be used for the attachment of more complicated prostheses, like prosthesis 1 shown in this case report.
Out from this experience, we reflect on the use of 3D printing as a standard technique for producing custom prostheses in the clinical environment. We observe that the design technique is still far from being automated. The task still requires a multidisciplinary team (in our case, an engineer, physician, and occupational therapist). Despite these human resources, benefits are large in terms of customization and speed of the process.
We observed how a simple design (prosthesis 2) was more useful and robust compared with the sophisticated initial mechanism (prosthesis 1). We note that the solution was obtained, thanks to incorporating the patient's feedback on the design loop. Our study demonstrated the alternative of using a low-cost technology (below 8 USD in material costs) based on silicone-embedded 3D printing that allowed our patient to improve his ability to perform fine motor tasks and reach his main goals. The final design can be expediently adapted to match other patients with similar clinical displays. This result was validated with quantitative data obtained using the JHFT.
Patient perspective
The patient in this case report finds these prostheses very useful, in particular prosthesis 2, especially when he needs to perform activities with both hands. At the end of this study, he continues using prosthesis 2 while at work, specifically for nail fastening. He does not use prosthetic devices for his daily living activities. He also feels satisfied with his participation in this project because he was a pioneer in the use of this technology at our hospital. Table 1 . Each bar represents the time (in seconds) the patient required to complete the task indicated at the bottom. Shorter time indicates the task was achieved with better performance. The maximum time available for completing a task was 120 seconds, implying a threshold for regarding a task as accomplished. Using prosthesis 2 (bars in red) shows a clear advantage on most scenarios. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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